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PREDICTION    OF   IN-SAND TIRE AND WHEELED VEHICLE DRAWP-AR PERFORMANCE 

Gerald W.   Turnage   (tteinber,   1STVS) 

U.S.   Arnry  Engineer Waterways Experiment Station,   VlcKsburg,  Mississippi 

^ 

k ABSTRACT 

In an appendix of the ISTVS 6th International Conference 
Paper, 'A Synopsis of Tire Design and Operational Consideration» Aimed 
at Increasing In-Soll Tire Drawbar Performance,* the author developed a 
procedure for defining G^, effective sand penetration resistance 
gradient.  Oe was devised to approximate the value of G that predomi- 
nated during a given tire pass, normalized to one type of Crlctlonal 
soil (selected as Yuma sand).  Ge subsequently served as the soil 
strength term In sand-tire numeric N8er which aimed at providing a 
norir.allzed description of tire drawbar performance In different types of 
sands.   Because the range of sand types Included In the development of 
c.e and N^e was necessarily quite limited, the author suggested In the 
'Synopsis* paper that other Investigators test the universality of 
relatloas Involving NM and tire drawbar performance by using tire 
test results obtained In a variety of sands. >^_   

In their ISTVS 7th International Conference paper, "An Assess^ 
ment of the Value of the Cone Penetroswter In Mobility Prediction," A. R. 
Reece and J. O. Peca applied the NM Methodology for a quite different 
sand and obtained Ns# ver.us tire drawbar Performance results that were 
not described well by those In the "Synopsis" paper.  This prompted a 
reexamlnatlon by the author of Information In the "Synopsis" paper, an 
analysis of data presented In Reece and Peca's "Assessment" paper, and a 
reanalysls of a sizeable body of U. S. Army Engineer Waterways Experiment 
Station (WES) field data ua wheeled vehicle performance tests In a variety 
of sands (all supplemented by new laboratory sand test data).  The primary 
result of this work Is definition of a new N8ey methodology that ac- 
curately predicts tire and wheeled vehicle drawbar performance in a very 
broad range of sand types and conditions, including those of the "Aasess- 
n" paper. 

T^T 
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INTROPUCTIOW 

To obtain best wheeled vehicle performance in sandy soils 
requires Implementation of • -atlonal methodology for selecting the most 
appropriate tires and then using those tires to best advantage. In turn, 
such a methodology requires sn ability to predict accurately in-sand tire 
and wheeled vehicle performance. Using laboratory and field test results, 
this psper describes a useful methodology for predicting the drawbar 
performance of tires and wheeled vehicles operating in a broad range of 
sand typea and conditions. 

BACKCROUM) 

Drawbar pull and drawbar efficiency ware aelected to deacribe 
in-sand tire performance herein because (a)  the amount of pull a powered 
wheel can develop is often of major concern in vehicle in-sand operations, 
and  (b)  the efficiency with which a given amount of pull is developed 
determines the input energy required, a major concern in today's energy- 
conscious world. 

It has proved useful to deacribe In-sand tire performance by 
relating dlacnaionless tire performance terms to a dlmenalonleas sand- 
tire prediction term, or numeric.    Tire drawbar performance la described 
herein by the following two terms: 

Drawbar coefficient  (M) - DP/W (1) 

where 

DP - drawbar pull, the "force available for external work In a 
direction parallel to the horicontal surface over which the 
(tire) la moving"1* 

W - weight (load) on the tire 

Drawbar efficiency (n) - ~— (2) 

where 

DP - drawbar pull 

v - forward velocity of the wheel axle 

T - torque input to the wheel 

« - rotation velocity of the torque input shaft 

* Each raiaed number in the main text refers to a reference of the ssme 
number st the end of the text. 
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The sand-tire numeric N  la defined as: 
8 

N . ^d)3/2 . 6 
"a    W     h v ; 

where 

C - sand penetration resistance gradient (described In the next 
paragraph) 

b - unloaded tire section width 

d - unloaded tire outside diameter 

h - unloaded tire section height 

£ ■ tire deflection (the difference between unloaded tire section 
height h and loaded tire section height, with each height 
measured as the tire reats on a flat, level, unyielding surface) 

C is the average slope of the curve of soil penetration resist- 
ance C versus cone penetration depth, with C and cone depth measured 
within a specified soil layer (ordinarily the 0- to 15-cm layer). C is 
the force per unit cone base area required to penetrate a soil normal to 
Its surface at 3.0 cm/sec with a right circular 30-deg-apex-angle cone of 
3.23-sq-cm base area.  (The equivalent of C in English units is cone 
Index, CI.)  Figure 1 shows fample recordings of C versus cone penetra- 
tion depth for a laboratory-prepared sand test bed.  Note that zero cone 
penetration depth is defined as occurring when the base of the 3.23-sq- 
cm cone is flush with the initial sand surface. 

For simplification, drawbar performance is analysed herein only 
at 20 percent slip—i.e., only I^Q and n2Q data arc considered. Use 
of this nominal slip value la meaningful because, as illustrated in Figure 
2 (taken from Reference 2), 20 percent slip provides a reasonable balance 
of good In-sand tire u and n performance (with somewhat greater weight 
given to u) for a broad range of values of N . 

EVOLUTION OF DRAWBAR FERFORMAWCE FREDICTIOWS 
BY H  AND N 

s      sey 

Early Development of N 

Ms waa first defined by Freitag almost 20 years ago by means of 
dimensional analysis of the results of laboratory dynomoaater testa of 
single tires in air-dry Yuma sand (a desert sand taken from active dunes 
near Yuma, Arizona). Using data from Reference 4 for 10 tires tested 
in this sand. Figure 3 illustrates tht t Na effectively consolidates 
M20 te8t data to one well-defined relation (Figure 3a) and 020 data to 
another (Figure 3b) for very broad ranges of values of G , b , d , W , 
and 6/h .    Thus, Figure 3 strongly sup(<orts the conclusion that NB 
describes in-sand tire M20 *nd n20 Performance quite well—at least 
for air-dry Yuma sand. 

In Reference A, the relation of drawbar pull data to N. waa 
also examined for tests "conducted on coarse-grained soils in various parts 
of the world with a variety of military vehicles." In these field tests, 
sand "usually was moist or even wet; drawbar-pull tests usually were not 
run at a controlled slip but were made at several levels of pull with only 
the data relevant to the maximum pull recorded for each teat; and no 



where 

e        - • 

r --.X  "   Vl« 
«  100,   percent (6) 

For •lapliclty,  all drawbar coefficient date conaldered herein ere 
designated    u^O    data, although    w    In the wheeled vehicle field teat« 
waa sampled et  the near-uxiauB-pull level, not neceaaarlly 20 percent 
alip.    Alao,   for br  trity,   tire drawbar performance in aeveral aubaequent 
figure»  la defined only in term« of    M20  •    Performance  la described 
in terms of both    w».    end    n.Q    In appropriate concluding figurea. 
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special provisions were siade to control differential wheel slip, dynamic 
weight transfer, or steering forces." Figure 4 illuatrates, as would be 
expected, (a) that the u^O versus Ns relation defined by theae field 
test data shows much smaller values of I^Q at corresponding valuea of 
Ns than does the single-tire leboratory reletion of Figure 3e, and (b) 
that the field relation exhibits substantially more data scatter than does 
the laboratory relation.* (Data from teata at aand moisture contents 
only up to about 7 percent are ahown in Figure 4.) The field reletion In 
Figure 4 was considered sufficiently well defined, however, to "offer the 
basis for a tentative performance prediction system . . . for vehicles 
operating in dry-to-molst sands." 

For a number of yeara thia "tentative performance prediction 
system" was accepted e»  workable, although it waa recognised thet the sys- 
tem had potential for further refinement.  Such refinements were made 
piecemeal and in an evolutionary manner, primarily because of the lack of 
data for defining in detail a range of physical properties of the sands 
for which tire and wheeled vehicle drawbar performance deta were avail- 
able. Events of the peat few yeara have caused a renewed interest, how- 
ever, in refining and improving the drawbar performance versus sand-tire 
numeric methodology for wheeled vehiclea. The remainder of thia paper 
describes development of such s methodology, first taking into account 
some Insight» gained in eerlier studies of the influence of aand type on 
single-tire drawbar performance. 

First Conaiderationa of Two Sand Typea 

In addition to aingle-tire teata in air-dry Yuma sand, WES alao 
conducted a smaller, but significant, number of laboratory tests in air- 
dry mortar aand (a coaraer-grained riverbed send). Figure Ss uses data 
from testa of five tires in mortar aand, together with the »20 v*r*u* 
Na curve from Figure 3a for Yuma aand, to demonstrate that these tires 
developed consistently smaller valuea of U20 In mortar than in Yuma 
sand at corresponding valuea of N 

In 1972, Reference S attempted co account for thia difference 
by using the relations of C to relative density (Dr) for the two 
sands, defined from Reference 6. For air-dry mortar sand: 

Dr - 75.0 log C + 39.3 (4) 

and for air-dry Yuma sand: 

0r - 71.1 log C •»• 51.6 (5) 
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em«x •nrf tniin »re void ratios for the loosest and danaaat sand states, 
respectively, and e  la void ratio for the before-tire-pass sand condi- 
tion. A givmi value of mortar sand C  (G^ in Figura 5) was converted 
to Yuaui sand G  (Gy) by first determining the mortar sand Dr value in 
Equation 4 and than using that saae Dr value to solve for Yusia sand G 
in Equation S. This use of Pr as the intsraadiate soil paraaater in 
translating G values between different sands appeared to produce the 
desired result, aa evidenced in Figura Sb by the shift of the aortar sand 
tire test data to locations clustered about the V2Q    versus Ns curve 
for Yuaa sand. Reference 5 recognisod, however, that use of Dr aa 
described above must be considered tentative and racn—snded "that tests 
be conducted in several additional sands so that the relative density 
approach . . . can be further verified." 

In 19 75, Reference 7 reported drawbar performance results from 
a later scries of tests in air-dry mortar sand, thaae conducted with four 
9.0OR20 radial ply tires (each different in terms of traad design and 
other construction features), plus two 9.00-20 bias-ply tires (one with 
nondlrectional croas-country tread, the other with traad buffed smooth). 
Tests for aach tire ware conducted over a range of wheel loads and tire 
deflections, and at two levels of G , approximately 2.2 and 5.5 MPa/m. 
For tire deflections of 15 and 35 percent. Figure 6a shows that the rela- 
tion of ii20 to Ns separated as a function of C .  Further, Figure 6b 
shows that the relation of »20 t0 ^s^Y for these test data alao 
aeparated by Gy (where Cy values in VN8)Y were obtained by Equations 
4 end 5 and the process described in the previous paragraph).  In attempt- 
ing to account for thia separation. Reference 7 noted that "Ideally, the 
G value to use in describing tire performance for a given (tire) pass 
is the value that predominated during that pass. For firat pass, thia 
value lies between the 0- and 1-pass values"—i.e., between the before- 
and after-first-paas values. Examination of mortar sand tire test data 
showed "that G changes with tire traffic in a funnal-ahapad pattern" 
like that shown in Figure 6c, and "indicated that the beat G value for 
describing first-pass. 20-percent-sllp tire performance is G at "pass 
number" 0.75 (hereafter termed C0.75). That is, C should be weighted 
3:1 toward its aftar-first-pass value." Figure 6d shows the well-defined 

G0 75(bd)
3/2  - 

relation obtained for U-Q veraua ■' , where M' • —l g  • s- . 

While the 1120 versus K, relation collapsed the mortar sand teat data 
tor the six 9.00x20 tires quite well, the central curve in Figure 6d la 
notably differaat from the one in Figure 3a for Yuaa sand. The thrust of 
the analysis in Reference 7 waa not directed at accounting for the influ- 
ence of sand type on tire drawbar performance. However, Reference 7 recog- 
nised that "Clearly, more work is needed to develop techniques for describ- 
ing sand soil strength that changes significantly with tire traffic." 

A First-Cut, More General N  Methodology 

In 1978, Reference 8 attempted to define a methodology to satis- 
fy the two needs demonstrated in Figures 5 and 6—i.e., to define a means 
(a) for translating G values between different «and types, and (b) for 
describing the effective (predominant) during-tire-paas value of C . 
Thia methodology waa applied by means of the nomogram shown in Figure 7. 

The aim of the nomogram waa to define Ca , "affective sand pene- 
tration gradient, the value of C that predominated during a given tire 
pass, normalisad to one typo of frictional aoil (aelectad as Yum sand)." 
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Use of the noaogm required known before-tlre-paes values of C end of 
Dr (r.h and Drb , respectively), end Involved the following steps (Iden- 
tified by circled nuabers In Figure 7): 

Step 1: For the sand of Interest (taken as mortar sand In Figure 7a), 
dctcralne for G  the corresponding value of D . . 

a TO 

Steps 2 snd 3; For the tire b/d value of concern (0.29 In Figure 7b, 
for exaaple), translate the D ^ value of step 1 frosi Figure 7a to 7b 
(shown as a dot In the exaaple). In Figure 7b, use the family of curves 
that relate Drb to D   (effective relative density) as a function of 
tire b/d to estlaate Drc . 

Steps 4 and 5: Translate Dre of step 3 for the sand of Interest to Dre 
for Tue» sand (step 4), and than to Ge for Yusu sand (step S). 

Cc fron step S was than uaed as the soil strength ten In 

c Cbd)3/2  . 
■  ■  n  * r , and M   was related to tire drawbar performance 
sc     W     h '      ae 

i.rma    »20  tan i-jn   and n20 t*n ♦70 ' Th* rationale for using tan 4-JQ 
(tangent of aand Intimal friction angle frna a direct shear test at 
70 percent relative density) aa a wiltlpller of V20 "x* 120 "•• that; 

(a) Dfh tends toward a Dre value of about 70 percent for cosaon tire 
shapes (b/d value« from about 0.2 tc 0.3), particularly with repeated 
transforastlons of D^ to Dra to correspond to aultlpla tire paasea, 
and (b) the products U20 c*n *70 ■nd "20 tan ^70 •PP«*r«<1> in con" 
junction with Nac , to provide a normal Iced description of tire drawbar 
performance for the three frlctlonal «oils considered In Reference 8 
(Yuma and mortar sands, plus a finely crushed baaalt uaed aa lunar soil 
simulant, LSS, deacrlbed In Reference 9). 

Figure 8 shows the relations (a) of 1120 to M- and (b) of 
ii20 tan +70 t0 "M baaed on test results In Turns aand for the asms 10 
tlrea as In Figure 3a, In mortar aand for the same 11 tlraa aa In Figures 
5 and 6, and In LSS for one tire-like wheel.  (This wlra-mesh wheel waa 
evaluated for use on the lunar rover vehicle by teatlng the wheel In the 
rather exotic LSS. The two asterisk« of Figure 7a define coordinates of 
Dr and G for the two LSS tsat conditions.) For the Cast dsts con- 
sidered, the relation of V20  t*n +70 t0 Nse ln F4*ur* 8b Is consider- 
ably better defined than la that of U20 to N« ln Figure 8a. While 
the Figure 8b relation appeared prosdalng. Reference 8 "recognised that 
the range of frlctlonal aoll type« considered ... la limited; thus It la 
hoped that other investigator« will test the universality of the V20 tan 

♦ 70 and 020 t*n +70 v*raus Mse relation« ualag tire teat reaulta 
obtained In a variety of frlctlonal «oil«." 

In 1981, References 10 and 11 applied the methodology described 
In Figure« 7 and 8 to drawbar performance data obtained with a 6.00-16, 
2-Fk trsadlaaa (smooth) tire In air-dry Craaawell aand. For thla tire- 
sand combination, Figure 9 ahows that the U20 t*n +70 ******* Ns« 
relation obtained waa very different from that obtained In Figure 8b. 
Clearly, the V20 tim *7Q "^    n20 t"n ^70 v•r,u• "se ■•t'wdology 
waa shown not to successfully treat all aand tire situations, and the need 
waa astabllahed for analysing a broad range of aand types snd conditions 
in one study. A description of that analysis follows. 
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A Now N    Methodology for a Broad 
sey   

Ranj^e of Sand Types and Conditions 

The Teat Sands.  Two major limitations In the WES analyses 
described to this point are that (a) only two ordinary test sands were 
considered (Yuma and mortar sand—the exotic LSS Is hereafter not con- 
sidered), and (b) these sands were each used only air-dry In slngle-tlre 
testing.  The new analysis considers 10 sands—the Yuma, mortar, and 
Cresswell sands, plus seven other sands for which vehicle field drawbar 
test data were available (six sands from References 4 and 12, one from 
Reference 13).  A separate value of sand moisture content was reported In 
References 12 and 13 for each wheeled vehicle teat; tests at moistures 
from 1 to 7 percent are considered herein. 

A necessary first step in the analysis was to obtain samples of 
approximately 100 kg each for the 10 test sands.  In this regard, par- 
ticular thanks are extended to Dr. A. R. Reece for supplying the needed 
sample of Cresswell sand (the sand used in References 10 and 11), an.i to 
Dr. L. I.A. C. Crosjean, Etablissement Technique d'Angers, for supplying 
sand samples from beaches at La Turballe and at Susclnlo, France (two of 
the test sites in References 4 and 12).  Samples of the Yuma and mortar 
sands were obtained from large stockpiles at WES, and samples of the 
remaining five sands were obtained in re-visits to wheeled vehicle test 
sites in the United States. 

A major concern in the new analysis was how closely the 10 sand 
samples matched th. sands actually used in the tests of single tires or 
wheeled vehicles reported in References 4, 10, 11, 12, and 13.  One 
means of evaluating this was to compare the original grain-size diatribu- 
tion curves shown in these references with the corresponding curves shown 
in Figure 10 for the sand samples that were used In 1983 WES soils 
laboratory testing. Results of this comparison are shown in Table 1 for 
grain-size diameters at the 10, 30, 50, 70, and 90 percent finer by weight 
levels. As expected, the original and the 1983 curves matched very closely 
for the Vuma and mortar sands (WES laboratory test sands).  For Paw Paw 
Island sand, the original and 1983 curves are one and the sane.  For 
Cresswell sand, there is a noticeable difference between the original and 
1963 curves. 

The remaining six sands were tested in the field during 1958- 
1961, as reported in Reference 12 (1963).  It was anticipated that the 
passage of some 20-25 years time, plus inability to locate precisely some 
o' the original test sites, could cause substantial differences between 
the original and 1983 distribution curves, at least for some of the six 
Reference 12 sands. As It turned out, the original and the 1983 curves 
showed almost perfect agreement for the Padre Island site, very close 
agreement for the Mississippi River Bridge site, somewhat less agreement 
tor the La Turballe and the two National Seashore Headquarters sites, 
and least agreement (by a  considerable margin) for the Suscinio site, 
implications of comparisons between the original and the 1983 sand grain 
diameters as described in Table 1 are discussed later in the analysis. 

Relations Among C , 0 , and Sand Moisture Content.  In 

analyzing data for the 10 sand samples, it was recognized, first. Chat 
Dr appeared not to be suitable for use as an Intermediate soil parameter 
in translating between sand types.  (Recall from Figures 6a and 6b that 
separation of . j0 data for the Yuma and mortar sands was not alleviated 
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by the use of  l'r  in a translation role.)  However,  Dr did appear 
promising for use In a standardized description of the change In sand 
strength that occurs during a given tire pass.  (Note that Figure 7b 
uses Dr In this role to describe the sane process somewhat more crudely 
described In Figure 6c.)  Further,  Dr has the advantageous characteris- 
tics (a) of Increasing In value as C Increases, decreasing as G 
decreases, and (b) of taking values within the same range (0 to 100 
percent) for all sands. 

To develop the desired standardised description, the relation 
between G and D  was determined for each of the 10 sand samples at 
sand moisture conditions at least from air-dry to 7 percent moisture. 
Additionally, measurements of C and Dr were obtained for the Yuma 
and Cresswell sands at a fully saturated condition and for Cresswell sand 
at 0.1 percent moisture content. 

Figure 11 shows relations among G ,  Dr , and sand moisture 
content representative of those obtained for the 10 sand samples.  For 
Yuaa sand, this figure Illustrates that the G versus D  relation is 
described by 

Dr - a1 log G + a2 (7) 

where aj  is a constant for a given sand, and a2 changes value as a 
function of sand moisture content. Note in Figure 11 that a2 decreases 
as sand moisture content increases from air-dry to about 7 percent (this 
Fame pattern was obtained for all the test sands), but a2 Increases 
markedly as moisture increases from about 7 percent to the fully saturated 
condition (this pattern was also obtained for Cresswell sand). 

Figure 12 illustrates the relations (a) of a2 to sand moisture 
content, and (b) of C (at Dr - 70 percent) to sand moisture content that 
were obtained for the Yuma and Cresswell sands.  For each of the 10 sand 
samples, the pattern of change in a2 with change in moisture from air- 
dry to 7 percent was similar to that shown by the dashed curves in Fig- 
ure 12—i.e., for each sand, a2 decreased seailogarithnically as moisture 
increased from air-dry to about 2 percent, and then continued to decrease, 
but at a fast-diminishing rate until a minimum a2 value was obtained at 
about 7 percent moisture. For the Yuma and Cresswell sands, a2 in- 
creased rapidly as sand moisture increased be-and about 7 percent. 

The influence on G caused by this pattern of change in a2 
with sand moisture content is seen by rearranging Equation 7 to 

Dr- *2 
C - antilog  (8) 

"l 

Thus, for each of the 10 sand samples (r mstont a«) and any constant 
level of Dr , C attained a marimimi vclue at minimum «i—i.«., at about 
7 percent moisture content. Further, baaed on data for two of the test 
sands (Yuma and Cresswell), it appears that, for a given sand and constant 
D_ , C decreases rapidly as sand moisture content Increases beyond 
about 7 percent. 

Table 3 summarises in column« 1-9 for each of the 10 sand 
samples the relation of Dr to C obtained in 1983 VIES laboratory 
testing at sand moisture contents from air-dry to 7 percent.  (Values in 
other columns of Table 2 will be discussed subsequently.) Note in column 
2 that each listed value of air-dty sand moisture content was obtained 
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In the WES soils laboratory after a givan sand sample remained undisturbed 
for at laaat seven days. These at-WBS air-dry moisture contents do not 
necessarily correspond to air-dry moisture contents at other sltas. 

Prediction of Durlng-Tira-Pass G    To predict G  for the 

10 teat sands required Implementation of both (a) Che relations among G , 
Dr , and aand moisture content (aioasarized in columns 1-9 of Table 2), 
and (b) the relationa among G^ , tire shape factor b/d , and Ge shown 
in Figure 13. A three-step process Is involved: 

(1) Use Iquation 8 Co estimate Drb (from known values of 
Gjj ,  a1 , and a2). 

(2) Jbtain D-, fro« Figure 13 (using Drb from step 1 and 
known b/d). 

Dre " «2 ilues of (3)     Compute    G    - ant Hog — *    (using the san 
€ 'l 

a  and a  as In step 1). 

Before applying the above process, it is useful to examine the 
relation in Figure 13. The shape of each curve in Figure 13a ia the asae 
aa in Figure 7b for b/d valuea of about 0.2 and larger. For smaller b/d 
values, the curves in Figure 13a reflect recent analyaia of single tire 
drawbar teat data In Yuaa aand using the 1.75-26 bicycle and 4.00-20, 2-PR 
tirea (b/d values of 0.068 and 0.150, respectively) not considered In 
Reference 8.* 

In agreement with Reference 7 and with Figure 6c herein, D_a 
in Figure 13a reflecta the condition obtained at tire pass number 0.75— 
i.e., firat-paaa Dre ia considered weighted 3:1 toward the after-firat- 
paaa condition. For two powered-whesl tire paassa, the appropriate Dre 
value ia for tire paaa 1.75; for three tire paaacs, 2.75; and for four 
tire paaaea, 3.75. The relation in Figure 13a waa successively applied to 
obtain D   valuea for tire paaa multiples of 0.75; Drc valuea for tire 
paaaea 2, i, and 4 were then obtained by interpolation aa needed. 

Detailed application of the Drb , b/d , D   relation for a 
given all-axles-powered wheeled vehicle would require Chat a separate 
value of  Ge be determined for each axle, and Chat Chaae C  values 
then be sveragsd to determine Ge for Che overall vehicle. Figures 13b, 
I3c, and 13d avoid Chia cumbersome procesa by reflecting averaged valuea 
of Dre for cire pasaea 1 and 2, passea 1 through 3, and paaaea 1 through 
4, reapectively. For a given 4x4, 6x6, or 8x8 vehicle, then, use of Che 

* In Reference 8, U20 (**A    ^20)  valuea for all Che tirea considered 
reflected a Bechanical/electrical correction Co negaCe dynamometer 
carriage acceleration forcea developed in the single-tire, programaed- 
increaaing-alip teata. No auch correction had been in use during 
tests of the 1.75-26 bicycle and 4.00-20, 2-PR tirea reported In Ref- 
erence 4. However, for a number of aingle tires teated over s brosd 

range of M. valuea, acceleration-corrected pjO trom  Reference 4 has 
been determined to be smaller Chan uncorrected i^O ** • near-consCsnt 
0.045. For both Che 1.75-26 and Che 4.00-20 Clres, the acceleration- 
corrected M20 values used herein were obtained by subtracting 0.045 
fro:.    M20 values previously uncorrected for carriage acceleration. 
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■Ingle appropriate relation In Figure 13b, 13c, or 13d produce« a single 
Dre value end a aubaequent value of Ce very close to that obtained by 
treating each axle singly. 

Uee of G  In N    The intended eppllcatlor of C , as 

defined by the three-step process described earlier, was to serve as the 

C (bd)3/2  . 
soil strength ten in sand-tir« nuasric N  -  n  * r- , such that so     w     n 
Nge would collapse both single-tire and wheeled-vehicle drawbar data for 
a broad range of sand conditions to a single relation for a given ssnd 
type. The success of Cft in this role is illustrated, first, in Figures 
14a and 14b which show for 10 single tires and for thr«# 4x4 vehicles, all 
tested in sir-dry YUBM sand, that all Che teet data cluster closely about 
the seae central I^Q varaua Nsc relation. 

MM was slso deterainad to be aor« effective than Rs in 
consolidating »20 <1*tt 'or each ot  th* nln* oC>>*r tMt Muds, in each 
caae producing (es expected) a aaparata UM v*rinis Nse relation. 
Figure 15 shows representative reaults, using data (a) froa teste of a 
single 6.00-16, 2-PR tire in air-dry Creaawall sand end (b) froa tests 
of four wheeled vehicles in aolst sand at the Padre Island sice. 

Noraalisatlon of C  to C  . Having developed a aaana to 

predict Ge , it remained to develop a aeana for normalizing Gm to one 
sand type, aelected as Tuas ssnd. Analyses ware aade Involving a nuaber 
of paraaeters descriptive of physical properties of the 10 sand saaples, 
with best results obtained by application of Che relations shown in Fig- 
ure 16. 

In Figure 16, three saad paraaaCara are involved—peneCracioa 
resistance gradient (C), sand coaq>actlbillty (0'), and sand grain aedian 
dieaeter (d^). Coapactibility la defined aa 

:mmm '  •«1» D, _ „Bag min    „ 100> ^„„j (9) 

Bin 

and d5o (sand grain disaster for which 50 percent of the sand saaplc 
ie finer by weight) is read directly froa a sand's grain-sisa distribu- 
tion curve. In Figure 16, subscript x denotes sand x, and subscript y 
denotes Tuaa ssnd. For s given sand x, known values of D^/Dy and 
(d5Q)-/(d}o)y are used in Figure 16 to determine corresponding values of 
(Cn/Cay)Dt and (Gex/Cey)d  , respectively. A given value of C  for 

send x (CM) is then normalized to the corresponding value for Yuua sand 
(C ) by the relation 
•y 

where 

C  * G  » (C /G ) (10) ey   ex   ax ay 

G /C  • (6 /C )  « (C /C ) 
«' ey  ^ax'^ey n.  

l ax'^ey ., (U) 
50 
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For use In normalizing    Ge.x    to    Gey  ,  th« curves In Figur« 16 
exhibit  expected  trends.    A glvsn sand of high coapactlblllty  requires 
less  fore« for It* displacement than does on« of low coapactlblllty at 
the same  relative density.     Thus,   for    Dg/^y > 1     (all other conditions 
constant),    Cax    must b« Increased for normalisation to    CCy  .    This Is 
accomplished by taking the appropriate value of     (Gtx/Ge )D>   < 1    from 
Figure 16,  applying this value In Equation 11,  and than using Equation 10. 
(For    Di/Dy  < 1  ,     (Gex/C    )D,    > 1    and    Gex    Is decreased In normalisa- 
tion to    C#y  .) 

Note, also,  that the penetration  resistance of a sand wi S 
large-diameter grains Is greater than that of one with smaller gralna 
(all other conditions constant).    Thus,  tor     (d5o)x^d50)y >  *• 
(Ccx/CCy)djo > 1    end    Gex    Is decreased In normalization to   G      .    (For 
(den)  /vde.)    < 1 ,    C        Is Increased In normall   itlon to    G      .) M) x      MI y ex ey 

Use of    C        In    N Having determined the value of    C  ej eej ^ «y 
for a particular sand x,  th« next step Is to use    C        la    N        * 

3/2 ^     My 

—^-TJ  • z    to predict ln-ssnd p.- and n-Q tire and wheeled vehicle 

performance. The success of C   in this role Is Illustrated In the fol- 
lowing comparisons. 

In Figure 17a, data for all of th« slngle-tlre tests considered 
herein for the Turns, mortar, and Creaawell sands cluster about the same 
v20    ver9"8 "say curve obtained earlier for Tuma sand In Figures 14a and 
14b.  (Note that NBa_ - Nge for Yusui sand only.) In Figure 17b, slngle- 
tlre test data for theae three sands all cluster about the same r^o 
versus Ng   relation. Note further that, based on results from the same 
laboratory single-tire tests, data collapse about the two relations involv- 
ing N T in Figure 17 la considerably better than that about corre- 
sponding relations 1c Figure 18 Involving N 

In Figure 19, the wheeled-vehicle test data for six sandy field 
teat sites show much lees data scatter about the central M^Q versus 
NMy curve (the ssme curve as In Figures 14 and 17a) than do corresponding 
data for the same teat sites in Figur« 4 about the central curve of U20 
versus N .* 

s 

Baaed on Figures 17 and 19, Msay is demonstrated to be very 
effective In consolidating slngla-tlr« and wheeled-vehicle i^O **tm  to 

one relation, 020 d*t" to '»otbar.  Remarks modifying this general con- 
clusion need to be made, however, relative primarily to on« of the labora- 
tory test sands In Figure 17 (Cresswell sand) and to the on« field test 
sand not shown In Figure 19 (Susclnlo sand). 

Some Strengths and Liaitat ions of th« N   Methodology. First. 

regarding the Cresswell sanüT determination of its G^ values in 
Figur« 17 was mad« using as input dat« one s«t of G values gleaned 
from References 10 and 11, plus valuas of a^ ,  a? » D' » and djg 
from th« 1983 WES laboratory tests of th« Cresswell sand sample (using 

* Mo n20 versus NBey relation is shown ia Figure 19 because measure- 
ments of 020 "*'* not obtained in any of th« wheeled vahicl« testa 
considered herein. 
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«2 •( the WES air-dry condition). Thar« was IntaraaC in determining 
how three pradlctad value« of   Gey (and of Ntey) coaparad with thoaa 
obtained by uaing the aaaa aat of C valuca, together with Input value* 
of »i  ,    «2 • D' • ■nd d50 • obtained froa Reference« 10, 11, and 14. 
Tabla 3 aunBarltaa thia coaparlaon. 

For the 11 air-dry Craaawall aand taat conditions considered, 
tha aajor conclusion froa Tabla 3 ia Chat, although two quite different 
seta of input values of a^ , «2 • 0* , and dso wara used (aaa tha two 
footnotes of Tabla 3), nearly identical values of G„ and of N    wara 
predicted (compare reaulta in coliana 9 and 10 with thoaa in coluana 14 
and IS). Thia close agraaaant reflects Chat tha overall procaaa for trana- 
lating values of C to G„ (suaaariaad in the firat footnote of Tabla 
3) ia raaaonably robuat. That ia, baaad on tha coapariaon in Tabla 3, tha 
G-to-tiay prediction procaaa appaara not Co be unduly Influenced by even 
fairly aixaable variations in values of ica required input paraaetare. 

Thia tentative concluaion ia aupportad by tha wheeled vehicle 
field relationa shown in Figures 4 and 19.  For the firat five sands in 
the leganda of these two figures, tha aand aaaplas used in defining values 
of a^ t a2 , 0' , and d«Q by 1983 WES laboratory testing wara like 
the sands used In actual 1958 to 1961 field testing only to varying 
dagraaa—aaa Table 1. (For the sixth aand, fron tha Faw Faw Island aita, 
the 1983 aand aaa^le waa taken froa the praciae location of field teat- 
Ing.) For the firat <ive sands, taking thia discontinuity between saaple 
and taat aanda into account, the laprovaaant in the relation of U20 v*r~ 
sue NMy  in Figure 19 versus the V20 v«r,u" Na relation in Figure 4 
ia rather raaarkabla, even with one aignifieant caveat: the vjn   veraua 
Naey relation obtained for Suacinio aand (not shown in Figure 19) ia con- 
siderably different froa that shown in Figure 19 for tha six other field 
teat aanda (it ia d lap laced far to tha left). 

There are two principal poaaibilitiaa for explaining what at 
firat aaeaa to be tha atypical U20 veraua N,™ behavior of tha Sua- 
cinio data. Firat, it ia poaaible that one or nore aand paraaaters needed 
in the process for translating C to Caz have been oaittad. The proc- 
ess daacribad herein ia tha one that waa iatarainad to aaka tha G-to-Ge 
tranalation beat for the teat data axaainad, based on analysis not only of 
tha aand paraaaters now included in tha procaaa, but alao of several other 
paraaatera initially conaidered potentially inportant (coefficient of 
uniformity Cu • d^/d^o , angle of internal friction, etc.). Still, 
modifications might substantially improve the G-to-Cey tranalation 
procaaa, and auch modifications are walcoaad. 

The second, and auch more likely, raaaon for the V20   veraua 
N,ey behavior of tha Suacinio aand ralataa to tha fact that, of tha 10 
aand aaaplae uaad in 1983 WES laboratory teetlng, Suacinio'« grain diaaatar 
distribution showed laaat agreement with ita corresponding original dis- 
tribution, by a large margin—see Tabla 1. Thus, it waa not surprising, 
whan tha Dr ■ 141.0 log C + a2 laboratory relation for Suacinio aand waa 
applied to Suacinio field valuaa of C, chat valuea of Dr conalderebly 
larger Chan 100 par cane wara obtained in aoae caaaa. (Thia did not occur 
with tha nine other sands.) Iota, alao, froa Tabla 1 that the Suacinio 
field aaad waa considerably leas coarse than tha 1983 Suacinio aaapla aand 
(which included almost aa auch gravel aa eand—aee Figure 10). In fact, 
froa Tabla 1, tha Suacinio field aand'a overall dlatributlon of d values 
ia epproxiaated Juat aa wall by tha 1983 Le Turballe laboratory aaaple 
(froa tha low side) aa it ia by tha Suacinio laboratory aaaple (froa tha 
high aide). (Prediction of Suacinio Ca_ valuaa by uaing for input 
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Suaclnlo field C values and La Turballc laboratory a^ , 82 , D', and 
d50 value« produced a Suaclnlo i^O vrau*    S relation very closely 
approximated by the relation In Figure 17.) Finally, note that the good 
fit of the Suscinlo data in the ^O versus Ns relation of Figure A 
further Indicates that characteriatica of the Suscinlo sand, as encoun- 
tered on-aite and measured at least by C , were not foreign to those of 
the six other sanda in Figure 4. 

The above observations suggest that, for the Suscinlo beach 
alte, the discontinuity between 1983 sample send and 1959 field ssnd waa 
simply too large to overcome in using ai , »2 *    "' • and d50 values 
from the sample sand to describe drawbar performance in the field sand. 
These observations also lead to the caveat that it remains to be deter- 
mined how coerse s ssnd must be for the NSCy relations not to apply. 
(Sanda at leaat aa coarae as the La Turballe «and are successfully 
treated by N8  .) A second caveat la that a substantial amount of 
laboratory tsatlng is necessary to define the input values of ■* , »2  * 
D* , and djg required by the process for translating C to G  for use 
in Naey  (particularly to define aj and «2  for the ran8e of  values of 
Dr and sand moisture content of possible concern).  If the user is not 
restricted by these two csveats, the NSCy relations of Figures 17 and 19 
sre useful now in predicting drawbar performance with better accuracy than 
do the Na relations of Figures 18 ana 4.  If the above caveats negate use 
of the N9e„  relations, the M20 versus Ns 1 elation of Figura 4 is 
still Judged sufficiently well defined to offer the bssis for s useful 
wheeled vehicle drawbar performance system. 

SWtlAMY AMD CONCLUSIOWS 

To sumsarits, a five-step process was developed for predicting 
tire and wheeled vehicle U20    «nd r^n perTormance for a given sand and 
sand moisture content, described aa follows: 

(1) Use Equation 7 to estimate D   (from known values of G  , 
•j , «nd a2). 

rb b 

(2) Obtain D   from Figure 13. 

(3) Compute G • antilog -SI  . por sand x , this Is 
Cex • l 

(4) Convert C,, to Gey by use of Figure 16 and Equations 
11 and 10. 

(5) Use Gey in NBey and the relations in Figure 17 to 
predict ii2o •nd 020 • 

Relations of »20 ■IM1 120 to Nsey nom off*r  better predic- 
tion accuracy than do those of v™   and 120 to Ns 'or ■ broad range 
of sand types and strengths, and for sand moisture contents up to about 
7 percent. Implementation of the MSCy relations is limited, however, 
by two caveats: (a) the exact range of sand types for which the N,ey 
relations are applicable remains to be determined (sands from at least aa 
fine es the Yuaui sand to at laut as coarae aa the La Turballe sand con- 
aideted herein are successfully treated by NM.), and (b) substantial 
laboratory testing is necessary to define values of «j , »2 »    D* • ■nd 

^50 • whlch are required as input by the process for defining Ge„ for 
use in NgCy . Further work is needed to minimise or eliminate the in- 
fluence of these two csveats. For now, with proper account taken of their 
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liultntioo»,  «Ithar th« N,ey or the N, mmthoüology  can b« «aploycd to 
predict In-sand tire and wheeled vehicle drawbar perforaence with uaeful 
accuracy. 
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H0TATI0M 

Constant and variable, respectively, In the equa- 
tion Dr - »i  log G + «2 for a given «and over 
a range of «and moisture content« 

Unloaded tire section width 

Soil penetration resistance 

Coefficient of unlforalty 

Cone Index 

Unloaded tire outside diameter 

(d,n)     Median diameter of «and grain«, djQ of «and x, 
30 y     <i50 of lmm mmA 

Coapactlblllty, coeipactlblllty of «and x. com- 
pactlblllty of Yuma «and 

•l« •2 

b 

C 

C 
u 

CI 

d 

d5C .   («»50).. 

D*. D;.D; 

V «W ''re 

DP. DP20 

• . *aax' *Bin 

c. S« Ce' C. 

Relative density, btfore-tlre-p««« relative den- 
sity, effective (predominant durlng-tlre-pa«s) 
relative density 

Drawbar pull, drawbar pull at 20 percent «lip 

Before-tlre-paaa «and void ratio, —I— «and 
void ratio, ■Inlawi sand void ratio 

j Sand penetration reelntance gradient, bafora- 
*y tire-pass C , effective (predominant durlng- 

tlra-paaa) G , Gm    fcr sand x, Ga for Ttau 
«and 

b Unloaded tire section height 

i Slip 

V"s.'".a, Sand-tire n—rica   «^£$^.1.   ^- 

G.(bd>3/2      « Glhd)*n      . 
-*  • r . and   M        - -**  • - W h ' maa   "aay W h 
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Torque input to whoal 

Forward velocity of wh*«l *xle 

Load on a single tira 

Tira deflection (under load) 

Drawbar coefficient, drawbar coefficient at 20 
percent alip 

Drawbar efficiency, drawbar efficiency at 20 per- 
cent allp 

Rotation velocity of the torque input shaft 
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W    fr« 0.41 to 20.02 kN. and    «/h    fro« 0.15 to 0.35) 



138 

Of 

I 

04 

OJ   - 

rtOMFlGOfff 3t 

JJfifiNfi 

TUTUTI 
LATUMMLU 
MIM. NIVtN MIDQf 
«.•.M. IMCKMONtl 
NAN. (DUMI 
PAMIItLANO 
UmPMHttUkMO 
•UKHIIO 

T 
4 
0 
I 
2 
0 
0 

20 100 110 

>*     m   "H 

Figure 4.    Relation of    Vyn    to    N      for tcata with a variety of 
whevled vehicle! at  »even sandy field site« 

OJ 

0.1    - 

y 

1    0J 
8 

T 1 1 r 

ftOtinQUM* 

• i«HMfta.i-Mi 
•  I« « 11JO-« »-»w 

M •> IM»4. >^N 
:M » iiM-lO «^N 
ainiMO-M.«-»« 

-J I i_ 

04 

01 

I" 
•J    - 

- 0.1    - 

T      T 1  —7— —r- 

- 

UtOHHOUMM — -l— 

■ 

^ 
- 

- 

/ 

- 

'« 
/ 

- 

"« r - 

J _J—i. i 1 ., i . 

•V» 
6b. 

Figure 5.    Effect of converting   (^   to   Gy    in the relation of    y . 
to    M      for tires operating at 20 percent slip in aortar sand 



139 

UJI  r~ "T  

0~i.2l*iM<^ t<Co*$.$m,*, 

0.4 7/ r 
ICOfNO 

0 7 

■// 

O  MO-MNOCC 
*  »JOO-IO MOOTM 
O  tJONlO       A 
0   »OOWJO         ■ 
V tow»»      c 
O •AWM       0 

4 
0 

0»<>**   « 

1 2 
TMI »AM NUMMM 

MOTI   OKN (VMtOU ARI rOM 0■} 
CLOMU POM OtJMWi/* 

Figure 6. Relation« 
to tire peas number 

a of (a)  U20 Co Ns i (b) M20 to (N,)y , (c) 

. and (d)  P20  t0 N'  for Ce*t* of "lx 9.00x20 
tlrea In «ortar »and 

I 



140 

8 8?« 
1N13MM '•■'O AllCNM lAIXVlM IMxaijIJI 

M C 

o « 
•H I* 
w «I m x 

1 « o 
>  M 

s. 
w g 

« -^ 
u   « 
e M I 
U    >-. 
«t   XI 

£3 o 

£& c 
V^ —I 

«I 

11 
- « • « 

i| 
h   M 
O 

•M     Q 

I 
I* 

MO a •» 

<H « 
O      u 

a m 
g 

E 

INISMM '-Hi A1ICNM lAUVlM 
I 



141 

s.*=4 

Figur« 8. Relations of (a) u20 to M and (b) v,. tan 4.. to N 
for th« thra« friction«! talc aoils Sonsidarad In Kafaranca 8   ** 
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^^=4 
Flgura 9. Relation of U20 tan 
470 to NM for 6.00-16, 2-PR 
tire taatad In air-dry Craaawall 
•and (adaptad froa tafaranca 11) 
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Figure 11.     ReUtlon» «aong    C  , D    , and sand aolstur« 
content  for Yuaa land 
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Figure 12.    Relations of  (a)    a-    to aand Htolsturt content 
and (b)    C    at    D    - 70 percent  to aand molature content 

for Yuaa and Creaavell aanda 



143 

•   tlNGlt  TIM PA.« b   TWO TIM nMH< I« ■ 4 Vf MIClll 

c   TtMII TIM »AMI «••VtWCllI « KM« TIM PAlMt I« ■ • Vt HICLII 

Figure 13. Relations among.    Drb . b/d , and Drt for on«, two, three, 
and four tire passes In »and (at 20 percent slip with tire deflection 

In the 15 to 35 percent range) 
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